Single crystal sapphire and diamond surfaces are used as planar, atomically flat insulating surfaces, for the deposition of the diacetylene compound 10,12-nonacosadiynoic acid. The surface assembly is compared with results on hexagonal boron nitride (h-BN), highly oriented pyrolytic graphite (HOPG) and MoS 2 surfaces. A perfectly flat-lying monolayer of 10,12-nonacosadiynoic acid self-assembles on h-BN like on HOPG and MoS 2 . On sapphire and oxidized diamond surfaces, we observed assemblies of standing-up molecular layers. Surface assembly is driven by surface electrostatic dipoles. Surface polarity is partially controlled using a hydrogenated diamond surface or totally screened by the deposition of a graphene layer on the sapphire surface. This results in a perfectly flat and organized SAM on graphene, which is ready for on-surface polymerization of long and isolated molecular wires under ambient conditions.
Introduction
Progress in electronic nano-device miniaturization attracted considerable interest for single conductive molecular chains [1] [2] [3] [4] [5] [6] which are already utilized for transport measurements and are expected to be integral in the fabrication of molecular electronic devices. [5] [6] [7] [8] [9] [10] On-surface synthesis of molecular chains has been recently performed on clean metallic surfaces in an ultra-high vacuum and at low temperature. 11 This refreshed the interest for self-assembled monolayers (SAMs) of diacetylene compounds (R-CRC-CRC-R 0 where R and R 0 are substituent groups) because in this case on-surface synthesis of long isolated polydiacetylene (PDA) wires 12 (QRC-CRC-CR 0 Q) n 5,13,14 conveniently occurs under ambient conditions. 5, 15 Here, substrate heating, ultraviolet (UV) light irradiation or electron tunneling from the tip apex of a scanning tunneling microscope (STM) can initiate the surface topo-chemical chain reaction in air. An atomically flat supporting surface is an absolute pre-requisite for on-surface synthesis because both the precursor deposition and the subsequent surface chain polymerization are very sensitive to any atomic scale defects even in air: a mono-atomic step edge is enough to terminate chain propagation. 16 For long PDA chains, Au(111), 17 graphite 5, 18 and MoS 2 5,14 have been reported to provide a very good SAM for STM polymerization. However, single PDA conductance measurements are impossible on those surfaces since the bias voltage applied across a planar junction bridged by a single PDA chain is inherently short-circuited. To avoid this, the diacetylene molecules can, for example, be assembled on a flat, insulating surface that is also cleavable in air like HOPG and MoS 2 . An obvious candidate would be mica (surface root mean square (RMS) roughness o0.1 nm) but diacetylene molecules like 10,12nonacosadiynoic acid (CH 3 (CH 2 ) 15 -CRC-CRC-(CH 2 ) 8 COOH) are reported to be standing-up on it. 19 Other widely used resistive surfaces like SiO 2 20 and oxidized GaN, (Al,Ga)N 21 are too rough for self-assembling flat-lying monolayers of such molecules (RMS 4 0.2 nm).
In this paper, we report and compare the self-assembling of the diacetylene compound 10,12-nonacosadiynoic acid on different atomically flat insulators in air: hexagonal boron nitride (h-BN) on SiO 2 , polished sapphire and oxidized, highly polished monocrystalline diamond (O-MCD). To obtain further insights into the assembly mechanism we also use hydrogenated MCD (H-MCD).
Finally, a graphene monolayer was deposited on sapphire in order to screen the long range interactions between the diacetylene molecules and the sapphire surface, resulting in a flat-lying SAM. We propose the usage of functionalized graphene-on-sapphire for future single PDA transport measurements.
Materials and methods
Atomic force microscopy (AFM) experiments were performed using a Keysight 5500 system (Keysight Co, Santa Rosa, CA, USA) and Multi75-G silicon cantilevers (Budget sensors, Sofia, Bulgaria) with a nominal spring constant and a resonance frequency of 3 Nm À1 and 75 kHz, respectively. We used both tapping (TM) and contact mode (CM) of operation. All presented AFM images were recorded in TM. Relative humidity and temperature during all AFM experiments were in the ranges of 35-50% and 22-26 1C, respectively.
h-BN nanosheets of several 10s of mm in lateral size were exfoliated from ultrapure h-BN single crystals 22 onto 13 Â 13 mm Si/SiO 2 samples. As optical contrast of the h-BN flakes on SiO 2 is very different when compared to that of the substrate, they are clearly resolvable in a standard optical microscope. Then, the substrates were annealed at 500 1C for 2 hours in air for removing scotch tape residues and atmosphere adsorbates (h-BN is stable up to 1000 1C 23 ).
The 10 Â 10 mm ultra-polished sapphire substrates (Shinkosha Co., Kanagawa, Japan) exhibited millimeter-long, sub-100 nm wide terraces, separated by atomic steps. They were annealed at 1500 1C in air before use. Besides the inherent contamination removal, high temperature annealing of sapphire is known to induce surface reconstruction. 24 This resulted in nearly atomically flat terraces (the typical RMS roughness of a 500 Â 500 nm 2 area is sub-0.07 nm) that maintained their pre-annealing length, but were now several 100s of nm wide ( Fig. S8 in the ESI †).
3 Â 3 mm intrinsic single crystal diamond substrates (Element Six Co., Luxemburg) were also highly polished (Namiki Co., Tokyo, Japan) to achieve sub-0.1 nm roughness (typical RMS B0.05 nm). Surface oxidation was performed by boiling (300 1C) in a 1 : 1 HNO 3 /H 2 SO 4 solution for 3 h. 25 Hydrogenation was performed by heating the substrate at 900 1C in a radio frequency, H plasma atmosphere (900 W) for 1 h. 26 Since H-MCD is surfaceconductive 27 and O-MCD is highly resistive, 28 effectiveness of diamond surface treatments was checked by applying a voltage between two terminals that were in contact with the surface using a room temperature prober (HiSOL Inc, Tokyo, Japan). The I/V characteristics can be seen in the ESI † ( Fig. S7 ).
Typical pristine h-BN, O-and H-MCD surfaces are presented in the ESI † ( Fig. S9 ). Highly oriented pyrolytic graphite (HOPG) and MoS 2 substrates (SPI Co., West Chester, PA, USA) were always cleaved by scotch tape before use to ensure that the resulting surface was defect-and adsorbate-free.
After substrate preparation, the diacetylene molecules were deposited on them by (1) spin-coating at 8000 rpm immediately after dropcasting a 4 ml droplet (on h-BN) or (2) dropcasting a 4 ml droplet and blow drying by N 2 gas (on all other substrates).
The 10,12-nonacosadiynoic acid diacetylene molecules used here are amphiphilic with a hydrophilic COOH group at one end and a hydrophobic alkyl chain at the other end. The solution was 0.15 g L À1 of 10,12-nonacosadiynoic acid (Tokyo Chemical Industry Co., Ltd) in chloroform. Only in the case of the SiO 2 /h-BN system the solvent was xylene due to its lower volatility (the vapor pressure at 20 1C is B1330 vs. B21 330 Pa for chloroform) which allowed the performance of the spin-coating process before vaporization of the droplet. The different deposition method used for SiO 2 /h-BN was due to the hydrophilicity of the surrounding SiO 2 . A droplet on such a surface remains on the spot until vaporization/drying (h-BN flakes cover only a small fraction of the sample). This results in large diacetylene aggregates forming on the h-BN flakes within the droplet radius, and no deposition on the flakes outside of it. Note that dropcasting, spin-coating and Langmuir-Schaefer deposition methods yielded similar results in all samples other than SiO 2 /h-BN.
X-ray photoelectron spectroscopy (XPS) was used in order to confirm that the substrates were clean, essentially free of contamination before the diacetylene deposition. The data can be seen in the ESI † ( Fig. S1-S6 ).
Results and discussion
For reference, Fig. 1a and b show detailed AFM topography (500 Â 500 nm 2 ) after the formation of the 10,12-nonacosadiynoic acid SAM on HOPG and MoS 2 . The long parallel stripes correspond to self-assembled molecular rows. We can identify domains with different orientation in both cases. In agreement with the literature, 5 the stripe period is 7.5 nm on both substrates. The model of molecular arrangement can be seen in ref. 5 . Note that here the molecules are assembled in a single domain (typically few mm in size). This might be due to the superior flatness of h-BN over larger areas, which leads to a reduced nucleation density of the diacetylene SAM. 29 The circular impurity in the 4th quadrant in Fig. 1c is B100 nm in diameter. Its height difference vs. the surroundings is up to 0.45 nm, evidenced by the spatial profile in Fig. 1d . This impurity can be attributed to the silicon substrate itself as corroborated by the continuous nature of the molecular layer. This is most likely due to the non-abrupt change in the local height, which allowed for the molecular chains to assemble over the impurity. We expect that even in the case of polymerization, the behavior of the PDA chains would be identical, which hints that long range substrate roughness is acceptable for the deposition and polymerization of diacetylene compounds. This is unlike previous studies 16 indicating that an abrupt atomic step edge is always enough to terminate the process. It is noteworthy that all surfaces depicted in Fig. 1 exhibit hexagonal lattices, indicating that this might be necessary for flat-lying assembly. 30 On sapphire, Fig. 2a illustrates the AFM topography over a 4 Â 4 mm 2 area immediately after the dropcasting. Several islands of diacetylene cover large areas of the surface. The height of most islands vs. the surroundings is 5.5 AE 1.0 nm, indicating that the layer count in those aggregates is the same. As the length of the diacetylene molecule is estimated to be about 3.7 nm, and given the island homogeneity, these results indicate that the molecules are standing up and form bilayers on the substrate as illustrated in Fig. 2b . Note that even though the islands are clearly composed of two molecular layers, it was often possible to identify the layer orientation in detailed AFM scans (Fig. S10 in the ESI †). This is in agreement with the literature, 19 where standing up molecules stacked next to each other formed similar patterns. Since the sapphire surface is hydrophilic, the hydrophilic COOH moiety of the molecule interacts preferably with the substrate and not with the hydrophobic alkyl chain moiety. This is the reason why the standing-up configuration is more stable on sapphire than the flat-lying.
The inter-island space appears mostly unaffected as confirmed by CM scans performed with high contact force ( Fig. S11a, ESI †) . The debris spread by the tip within the scanned area is most likely ambient contamination with only a small number of adsorbed molecules. Island formation with relatively clean interspace indicates the attractive molecule-molecule interaction. Fig. 2c shows the sample topography 24 h after dropcasting. The smaller islands merged into larger aggregates whose height vs. the substrate is again homogeneous, but doubled to 11.1 AE 1.0 nm. This is equivalent to 4 standing-up molecular layers, as illustrated in Fig. 2d . The rest of the surface seems to be clean with the sapphire terraces, the steps of which do not seem to influence the molecular assembly, clearly resolvable. Note that further incubation (up to 72 h) did not lead to higher aggregations (6, 8, 10 layers, etc.). We can assume that the amount of stable molecular layers is analogous to the solution concentration (higher concentrationmore layers). The molecular deposition on sapphire clearly leads to a Volmer-Weber (island) growth. 
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After sapphire, oxidized diamond (bandgap typically 5.5 eV 31 ) was used for the deposition of PDA-precursors. Fig. 3a displays the AFM topography of a 4 Â 4 mm 2 area on the O-MCD substrate immediately after dropcasting the diacetylene solution. Similar to sapphire, islands of diacetylene are formed on the surface. However, this time the islands are mm-sized immediately after the deposition. In addition, they are stable as their shape and size do not change with time. The islands have sharp edges, indicating that after the first layer is assembled on the surface, the subsequent molecules adhere while preserving the orientation. The height of those islands is 7.9 AE 1.0 nm, while there are few areas 13.1 AE 1.0 nm above the surface, as noted in the image. Those values give a ratio of 3 : 5 which corresponds to 3 or 5 standing up molecular layers. This configuration is illustrated in Fig. 3b . The inter-island space seems to be clean, similar to sapphire, confirming the attractive molecule-molecule interactions. Growth of diacetylene on O-MCD is therefore also Volmer-Weber.
Sapphire and O-MCD surfaces are hydrophilic and the molecular layers are standing up on them in a similar fashion. However, the stability and the height of the respective molecular islands are different and can be attributed to the higher electronegativity of C vs. Al 32 (O has higher electronegativity from both of them). Even though both surfaces are hydrophilic, the Al-O surface dipole exhibits a higher negative charge on the O as compared with the C-O dipole. 33 This results in a weaker interaction of the COOH moiety with the O-MCD surface when compared to the sapphire, also corroborated by the cleaner surface after a CM scan (Fig. S11b, ESI †) . Another notable difference between the two systems is the even (sapphire) and odd (O-MCD) number of stacked layers. This means that the top side of the layer is hydrophilic COOH on sapphire and hydrophobic CH 3 on O-MCD, which suggests that, on the former, the molecular layer is covered in water. This difference is also attributed to the stronger Al-O surface dipole which attracts a larger amount of water on sapphire (compared to O-MCD), as illustrated in Fig. 2b and d. Regarding the height and the orientation of molecular layers, we assume them to be the same per substrate (e.g. height of top and bottom bilayers on sapphire is the same). Nevertheless, the measured layer height is slightly different between substrates: in the case of sapphire, a monolayer is 2.8 AE 0. In order to confirm the surface dipole influence on the molecular assembly, the same MCD sample was cleaned with organics and the diacetylene deposition was repeated after surface hydrogenation. The C-H surface dipole has positive charge on the H (due to the lower electronegativity of H vs. C) and the surface is hydrophobic (contact angle measurements on MCD and sapphire can be seen in the ESI, † Fig. S14 ). Fig. 4a (AFM topography, 600 Â 600 nm 2 ) shows diacetylene aggregates assembled on H-MCD after dropcasting. There is no trend concerning the molecular aggregate height (typically around 40 nm), unlike on sapphire and O-MCD. Fig. S12a in the ESI † shows a detailed AFM topography image (200 Â 200 nm 2 ) on top of a molecular aggregate. In the corresponding spatial profile (Fig. S12b , ESI †) we see a 0.3 nm height step between adjacent layers, which corresponds to the distance between two flat-lying molecular layers. 34, 35 This clearly indicates that the diacetylene molecules are not standing up but the molecular axis is parallel to the substrate surface. On the hydrophobic H-MCD surface, the alkyl chain moiety of the molecule should interact with the surface stronger than the COOH moiety. Therefore, the molecules adsorb on H-MCD in a flat-lying manner.
The inter-aggregate area exhibits flatness comparable to that of the substrate and seems mostly free of diacetylene molecules at first glance. However, a 200 Â 200 nm 2 CM scan performed in the area (indicated by the square in Fig. 4a ) revealed what was possibly a surface fully covered by several molecular layers after being disrupted by the AFM tip. We can see the surface after the CM scan in Fig. 4b . It is clearly visible that the CM scan induced a large morphology change in the surface, without affecting the surrounding aggregates. This suggests that the molecules that were moved around by the AFM tip immediately merged to form new aggregates. Thus the inter-aggregate area has a layered structure as well (molecules are flat-lying but the layer count is unknown). This is corroborated by the corresponding phase shift image ( Fig. S13c , ESI †) which appears homogeneously colored. From Fig. 4a, b and Fig. S13c (ESI †) it is clear that the growth of diacetylene molecules on H-MCD is Stranski-Krastanov (layer-island), as we can identify both several diacetylene islands of varying height (aggregates) as well as homogeneous layers over larger areas (inter-aggregate space). Note that the molecular structure on H-MCD may be related to the crystalline structure of diacetylene molecules in the bulk phase, which is potentially another indication of strong molecule-molecule interactions. Additional discussion on molecular stacking can be read in the ESI. † All molecular layer data on sapphire and MCD are summarized in Table 1 . Another way to control the hydrophilicity of a surface is by screening the long-range electrostatic interactions at its liquidsurface interface. It was recently demonstrated that only 20% of those long-range interactions are passing through a monolayer of graphene. 36 As presented in the optical micrograph in Fig. 5a a graphene layer was mechanically exfoliated on the ultra-flat sapphire surface before introducing the diacetylene. Fig. 5b depicts AFM topography (500 Â 500 nm 2 ) of diacetylene chains self-assembled on the graphene-on-sapphire system. The planar self-assembly appears now similar to the one observed on HOPG, providing a flat-lying SAM albeit with smaller domains than on HOPG. Graphene adhesion on the sapphire substrate is good as evidenced by the two distinct sapphire terraces that can be seen through the graphene in the AFM topography. The result in Fig. 5 indicates that even though we cannot use sapphire directly for the deposition of the diacetylene molecules, it is an excellent atomically flat candidate for graphene support. The graphene screening effect is ensuring the planar self-assembly of diacetylene in air. As graphene can be rendered insulating, while preserving its flatness, 37 with nm precision by functionalizing it with a moderated He-ion beam, 38 this system can be readily used for on-surface synthesis of single PDA molecular wires and subsequent PDA transport measurements. 
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Conclusions
Different substrates were tested to investigate the formation of flat-lying 10,12-nonacosadiynoic acid SAM on a flat insulating surface. The surface of h-BN is appropriate as it provides a SAM similar to HOPG and MoS 2 , mostly due to its hydrophobic, inert nature and its hexagonal crystal structure. Surface electrostatics (hydrophilicity/hydrophobicity) are essential for the diacetylene arrangement on sapphire, O-MCD and H-MCD. We have demonstrated that sapphire and single crystal diamond are not suitable for self-assembling a flat-lying SAM, as the diacetylene molecules are forming multi-layered aggregates on those substrates. Nevertheless, the polar effect of surfaces like sapphire can be screened by the adsorption of a graphene sheet on which it is possible to form a flat-lying SAM, suitable for on-surface synthesis. The choice between SiO 2 /h-BN and graphene-on-sapphire for molecular electronic device fabrication depends on the ability to nanofabricate atomically precise electronic contacts on those surfaces with minimal or no contamination introduced to the system.
